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ABSTRACT: Sulfated cellulose derivatives are biologically active
substances with anticoagulant properties. In this study, a new
sulfated diethylaminoethyl (DEAE)-cellulose derivative has been
obtained. The effect of a solvent on the sulfation process has been
investigated. It is shown that 1,4-dioxane is the most effective
solvent, which ensures the highest sulfur content in DEAE-cellulose
sulfate under sulfamic acid sulfation. The processes of sulfamic acid
sulfation in the presence of urea in 1,4-dioxane and in a deep
eutectic solvent representing a mixture of sulfamic acid and urea
have been compared. It is demonstrated that the use of 1,4-dioxane
yields the sulfated product with a higher sulfur content. The obtained sulfated DEAE-cellulose derivatives have been analyzed by
Fourier transform infrared spectroscopy, X-ray diffractometry, and scanning electron and atomic force microscopy, and the degree of
their polymerization has been determined. The introduction of a sulfate group has been confirmed by the Fourier transform infrared
spectroscopy data; the absorption bands corresponding to sulfate groups have been observed in the ranges of 1247−1256 and 809−
816 cm−1. It is shown that the use of a deep eutectic solvent leads to the side carbamation reactions. Amorphization of DEAE-
cellulose during sulfation has been demonstrated using X-ray diffractometry. The geometric structure of a molecule in the ground
state has been calculated using the density functional theory with the B3LYP/6-31G(d, p) basis set. The reactive areas of DEAE-
cellulose and its sulfated derivatives have been analyzed using molecular electrostatic potential maps. The thermodynamic
parameters (heat capacity, entropy, and enthalpy) of the target sulfation products have been determined. The HOMO−LUMO
energy gap, Mulliken atomic charges, and electron density topology of the title compound have been calculated within the atoms in
molecule theory.

1. INTRODUCTION

Cellulose as the main structural component of lignocellulosic
biomass is a valuable chemical raw material for production of
highly demanded chemical compounds.1

Recently, an increasing number of cellulose-based functional
materials have been developed. Lignocelluloses are used in
bioethanol production;1,2 sodium carboxymethyl cellulose
serves as a new binder;3 methyl, hydroxypropyl, and
hydroxypropyl methyl celluloses are used as the basis of
hydrogels;4 cellulose fibers are in demand for alkaline
batteries5 and electrochemical capacitor separators.6

Cellulose-based materials, due to their unique properties,
including excellent wettability, high porosity, light weight,
biodegradability, and biocompatibility, find widespread appli-
cation in food, pharmaceutical, and chemical industries as food
additives,7 thickeners,8 pharmaceutical fillers,9 emulsifiers,10

etc.
Among numerous cellulose derivatives, the products

containing sulfate groups attract special attention. Cellulose
sulfates are used in industry as thickeners, sorbents, ion-

exchange materials, etc.11 The data on the physiological
activity of such cellulose esters12 expand the range of
applications of sulfated cellulose (SC) in biochemical research
and medicine.13

In the study by Torlopov and Frolova,14 the sulfation of
powdered celluloses with chlorosulfonic acid (ClSO3H) in
pyridine was carried out. The reaction proceeded at temper-
atures of 80−90 °C for 3 h. It was found that the increasing
sulfation temperature is weakly related to a further increase in
the degree of substitution (DS) but intensifies the polymer
destruction. It was shown that the DS lies in the range of
0.06−0.47 in the sulfated powder celluloses obtained using an
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AlCl3 acid catalyst and in the range of 1.21−1.76 in the
sulfated powder celluloses obtained using the TiCl4 catalyst.
In the study by Torlopov et al.,15 the methods for obtaining

the SC based on cotton microcrystalline cellulose (MCC) with
the high DS were proposed and the properties of the products
were investigated. The authors obtained the high DS by using a
ClSO3H−pyridine sulfating system with the formation of an
intermediate SO3−pyridine complex.16 At reaction temper-
atures of 80−90 °C, the high-DS cellulose sulfates were
synthesized. A further increase in the reaction temperature,
along with an increase in the DS, enhanced the destruction of
the polymer.
In the study by Wang et al.,17 the synthesis methods,

structure, and anticoagulant activity of the MCC sodium salt
were discussed. The MCC sulfation carried out with the
ClSO3H−dimethylformamide complex under different con-
ditions yielded the products with different DS values. The DS
ranged between 0.6 and 1.7 and increased with the sulfating
agent concentration. Studies of the anticoagulant activity
opened prospects for the development of new drugs based on
the MCC sulfate sodium salt.
The study by Wang et al.18 was devoted to the use of ionic

liquids, including 1-butyl-3-methylimidazolium chloride, 1-
allyl-3-methylimidazolium chloride, and 1-ethyl-3-methylimi-
dazolium acetate, as reaction media for homogeneous sulfation
and as solvents for cellulose. Sulfation was performed with
ClSO3H or the complexes of SO3 with dimethylformamide
(DMF) or pyridine in an ionic solution at 25 °C. In the
solution of 1-ethyl-3-methylimidazolium acetate, acetylation
occurred instead of the expected SC formation due to the
participation of acetate ions in side reactions. The reaction
proceeded for 30 min; a further increase in the reaction time
did not increase the DS. The drawback of this method is a
fairly long (up to 24 h) process of dissolving cellulose in the
ionic solution at a high (80 °C) temperature.
Cellulose esterification can also be carried out via

acetosulfation (the simultaneous acetylation and sulfation of
cellulose) with the subsequent elimination of acetyl frag-
ments.19 In ref 19d, acetosulfation was performed for 5 h at
40−70 °C in a mixture of ClSO3H and acetic anhydride in
anhydrous DMF. The subsequent deacetylation was carried
out with the 1 M ethanol solution of NaOH for 15 h. The
resulting cellulose sulfates were dissolved in water and had a
DS value of 0.21−0.97. The drawbacks of this method are the
two-stage process, the long-time (15 h) deacetylation stage,
and the need for toxic reagents (DMF and acetic anhydride).
The H2SO4, SO3, and ClSO3H compounds widely used in

the sulfation reactions are highly aggressive reagents, which
require special equipment and thereby complicate the process.
In contrast to the above-listed reagents, sulfamic acid
(NH2SO3H) is a stable nonhygroscopic crystalline substance.
Its strength as an acid is comparable with that of H2SO4.
Sulfamic acid is commercially manufactured by reacting urea
with oleum. Wagenknecht’s team20 reported on the experi-
ments on the NH2SO3H sulfation of partially substituted
cellulose acetates dissolved in DMF. It was found that
NH2SO3H does not react with free OH groups of cellulose
at room temperature. Cellulose sulfation with the NH2SO3H−
N2O4−DMF system was also reported in ref 21. However, it
turned out that the production of high-DS SC is prevented by
the formation of water, which decomposes the ester groups of
cellulose nitrite, causing the regeneration of OH groups, which
are not subjected to sulfation by NH2SO3H under these

conditions. The DS of the cellulose sulfates obtained by this
method was lower than 0.40.
Huang’s team22 reported on sulfation of cotton cellulose

impregnated with the NH2SO3H and urea solution in DMF by
sintering. However, high-temperature sintering of cellulose
leads to polymer degradation. As is known,23 cellulose
degrades upon heating with NH2SO3H, but, in the presence
of urea, which plays the role of an activator, sulfation occurs
satisfactorily.
Sirviö et al.24 proposed a new method of sulfation of

cellulose with the sulfamic acid/urea (SAA/U) mixture deep
eutectic solvent. This synthesis method does not require toxic
organic solvents to be used. However, during the synthesis, the
side carbamation reactions were observed, the effect of which
on the biological activity remains understudied.
Recently, several methods for synthesizing the sulfated

derivatives of polysaccharides on the basis of a new approach
have been proposed. In particular, Chen et al.25 described a
new method for sulfation of xylan in a flow-through unit and
investigated its anticoagulant activity. In ref 26, xylan was
treated with the NaBH4 reducing agent, which enhanced the
purity of the product.
It should be noted that the variety of available methods for

obtaining SC esters is reduced to three or four fundamentally
different basic techniques. The rest of the methods are simply
an improvement of these few techniques and differ from each
other only in details. However, this diversity reflects the search
for an “ideal” method, which is still lacking. The choice of the
esterification method that would be the best for the production
of cellulose sulfate esters is dictated by a combination of
factors, including, first of all, the product yield, DS,
completeness of the reagent use, and simplicity of a hardware
design.
The aim of this study was to synthesize a new cellulose

derivative, diethylaminoethyl sulfate (DEAE) cellulose, and
compare the preparation methods and reaction products using
physicochemical techniques. To obtain more information
about the molecular geometry, noncovalent interactions, and
electronic properties of the DEAE-cellulose complex, the
B3LYP/6-31 G(d, p) density functional theory (DFT)
calculation was performed. The effect of solvation on the
properties of the DEAE-cellulose compound was studied.

2. RESULTS AND DISCUSSION

2.1. Synthesis of Diethylaminoethyl-Cellulose Sul-
fates. The mechanism of sulfation of polysaccharides with
sulfamic acid remains understudied. However, it was
assumed27 that, upon sulfation of alcohols, the reaction is
first-order for sulfamic acid and zero-order for alcohol. The
rate of the direct interaction of alcohols with sulfamic acid is
lower than the rate of catalyzed sulfation because the S−N
bond in sulfamic acid is stronger than that in the donor−
acceptor complex.27a

The reactivity of sulfamic acid increases in the presence of
basic organic catalysts, including pyridine, urea, thiourea,
acetamide, and picoline.27 Urea is the most effective agent. An
increase in the reactivity of sulfamic acid in the presence of
urea is explained by the formation of a donor−acceptor
complex.28
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The reaction of DEAE-cellulose sulfation with the SAA/U
complex occurred according to the scheme shown in Figure 1.
According to the data given in Table 1, the minimum sulfur

content (7.2 wt %) in the reaction product during the sulfation

of DEAE-cellulose with sulfamic acid in the presence of urea at
90 °C for 3.0 h is observed when morpholine is used as a
solvent. The maximum sulfur content in the DEAE-cellulose
sulfates is obtained using 1,4-dioxane.
The sulfation reaction is conventionally described as a

bimolecular nucleophilic substitution. It is well-known that the
reactions proceeding by this mechanism are facilitated by
aprotic solvents. When studying the effect of the nature of an
aprotic solvent on the sulfation reaction rate, it is necessary to
take into account the effect of the solvent on the entire process.
First, the ability of these solvents to induce the ion-pair
dissociation should increase with the permittivity, which, in
turn, can lead to an increase in the rate of decomposition of
sulfamic acid into ammonia and sulfur trioxide required in the
sulfation reaction. Second, the basicity of a solvent noticeably
affects the DS, which is related to the reactivity of the forming
complex of sulfur trioxide and the corresponding solvent. The
results given in Table 1 show that the sulfated product with the
maximum sulfur content was obtained in the 1,4-dioxane
medium. The process of sulfation of DEAE-cellulose in 1,4-
dioxane medium using a solvent with the permittivity lower
than that of the other solvents is characterized by a high
sulfamic acid decomposition rate. Using sulfation of DEAE-
cellulose in the solvents with a higher basicity as compared
with dioxane (pyridine, morpholine, and piperidine), the less-
sulfated DEAE-cellulose was obtained with the increasing
solvent basicity. The sulfur content in the products of sulfation
of DEAE-cellulose in ethers (dioxane and diglyme) with
similar basic properties was almost the same (with a difference
of less than 1 wt % for sulfur).
Thus, the data obtained showed the expedience of sulfation

of DEAE-cellulose with sulfamic acid in 1,4-dioxane in the
presence of urea.
According to the data given in Table 2, as the sulfation time

increases, an increase in the sulfur content in the reaction

products is observed. The comparison of the processes of
DEAE-cellulose sulfation in 1,4-dioxane showed that the
highest sulfur content in the reaction product is obtained
with 1,4-dioxane. During sulfation of polysaccharides in the
SAA/U deep eutectic solvent, the side reactions of
carbamation of OH groups were observed,24,29 which can
also reduce the sulfur content in the DEAE-cellulose sulfate.

2.2. Fourier Transform Infrared Spectroscopy. The
introduction of a sulfate group into the DEAE-cellulose
molecule was confirmed by Fourier transform infrared
(FTIR) spectroscopy (Figure 2). In the FTIR spectra of the
sulfated DEAE-cellulose, absorption bands appear in the ranges
of 1247−1256 and 809−816 cm−1, which correspond to the
sulfate group vibrations. It should be noted that, in sample
SDEAE2, side carbamation reactions are observed, as
evidenced by the appearance of absorption bands in the
range of 1040−1065 cm−1 (−C−O−C− and CN) as well as at
1640 cm−1 (CO).

2.3. X-ray Diffractometry. The comparison of X-ray
diffraction patterns of the initial (SDEAE1) and sulfated
(SDEAE2) DEAE-cellulose samples (Figure 3) shows that
amorphization of the material is caused by disordering of the
cellulose crystalline structure during sulfation.19d30

The X-ray diffraction pattern of the initial DEAE-cellulose
sample contains peaks at Bragg angles of 14°−16°, 22.6°, and
34°−35°, which correspond to the crystal lattice characteristic
of the cellulose-I structural modification.31 The X-ray
diffraction patterns of sample SDEAE1 have a similar shape
with broader peaks at 2Θ = 14.0°, 22.7°, and 31.9°,
respectively. In the X-ray diffraction pattern of sample
SDEAE2, these peaks have a lower intensity and its structure
can be considered close to amorphous.32

This is also indicated by the change in the crystallinity index
calculated from the Segal formula,31b which decreases in the
series 0.73 (DEAE-cellulose) > 0.53 (SDEAE1) > 0.21
(SDEAE2). The observed phenomenon is consistent with
the literature data, according to which the use of the SAA/U

Figure 1. Scheme of the DEAE-cellulose sulfation reaction.

Table 1. Effect of a Solvent on the Sulfur Content in DEAE-
Cellulose Sulfates during Sulfation with Sulfamic Acid in the
Presence of Urea at 90 °C for 3.0 h

no. solvent permittivity Kb sulfur content (wt %)

1 1,4-dioxane 2.3 1.2 × 10−17 10.1
2 pyridine 12.5 1.5 × 10−9 8.9
3 morpholine 7.3 2.1 × 10−6 7.2
4 piperidine 5.9 1.3 × 10−3 7.9
5 diglyme 7.4 2.0 × 10−18 9.4

Table 2. Effect of the Process Conditions on the Sulfur
Content in the DEAE-Cellulose Sulfate during Sulfation
with Sulfamic Acid in the Presence of Urea at 90 °C

sulfur content (wt %)

time (h) 1,4-dioxane deep eutectic solvent (SAA/U)

0.5 2.3 2.0
1 3.8 3.1
1.5 6.9 4.9
2 8.5 6.4
3 10.1 8.9
4 10.2 9.2

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02570
ACS Omega 2021, 6, 22603−22615

22605

https://pubs.acs.org/doi/10.1021/acsomega.1c02570?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02570?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02570?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02570?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


deep eutectic solvent leads to the stronger amorphization of
polysaccharides27a than sulfation in organic solvents.33

Thus, according to the X-ray diffraction (XRD) data (Figure
3), in the process of sulfation of DEAE-cellulose, its further
amorphization occurs. The data obtained agree with the results
of the study.34

The obtained XRD data are consistent with the scanning
electron microscopy (SEM) data (Figure 4). The SEM images
show that the DEAE-cellulose fibrous structure is disordered
during sulfation. The structural disordering is most pro-
nounced in sample SDEAE2.
2.4. Scanning Electron Microscopy. According to the

SEM data (Figure 4), DEAE-cellulose consists of filament-like
tubular structures of different sizes. During sulfation, the
DEAE-cellulose structure changes. The DEAE-cellulose
sulfated with sulfamic acid in 1,4-dioxane consists of particles
of different shapes and sizes, which form aggregates. For the
DEAE-cellulose sulfated in the SAA/U deep eutectic solvent,
the particles are smaller and do not form aggregates.
2.5. Atomic Force Microscopy. According to the atomic

force microscopy (AFM) data (Figure 5), the surface of the
DEAE-cellulose sulfate films obtained with sulfamic acid in 1,4-
dioxane and the SAA/U deep eutectic solvent is homogeneous
and contains no impurities. The particle sizes in the DEAE-
cellulose sulfate film obtained in 1,4-dioxane and in the SAA/U
deep eutectic solvent are 116.6 and 333.7 nm, respectively.
According to the AFM images, sample SDEAE1 consists of
homogeneous particles located close to each other and having

a slightly elongated (elliptical) shape with an average diameter
of 116 nm. In sample SDEAE2, the film surface consists of
coarser particles and aggregates with an average diameter of
about 333 nm, which are close to each other and have flat
faces. Judging from the distribution diagram, they are less
uniform in size than in sample SDEAE1. The surfaces of both
film samples, according to the phase contrast images, have a
homogeneous composition and contain no foreign inclusions;
in other words, there are no inclusions of foreign substances,
synthesis products, or other dissolved compounds on the film
surface, which could crystallize on it upon drying the sample.
Thus, the AFM and XRD data unambiguously demonstrated

that the synthesis conditions affect not only the size and
monodispersity of the obtained sulfated DEAE-cellulose
particles but also the degree of their crystallinity.

2.6. Gel Permeation Chromatography. Figure 6 shows
the molecular weight distribution (MWD) curves for the
DEAE-cellulose samples sulfated with sulfamic acid in 1,4-
dioxane (curve 1) and the SAA/U deep eutectic solvent (curve
2). The curves are significantly different, which suggests
different mechanisms of the processes occurring during
sulfation of DEAE-cellulose. The DEAE-cellulose sulfated
with sulfamic acid in 1,4-dioxane is characterized by a narrow
MWD peak, which evidences for a fairly high homogeneity of
the sample. This is also confirmed by the low (−1.18)
polydispersity (Table 3). The DEAE-cellulose sulfated in the
SAA/U deep eutectic solvent is characterized by a broad
MWD peak, which shifts to the low-molecular weight region
and is indicative of a higher (1.40) polydispersity and a low
molecular weight (Mw = 19 861 g/mol). Such a change in the
MWD curve can point out partial depolymerization of DEAE-
cellulose during sulfation in the deep eutectic solvent. Since
both the initial DEAE-cellulose and the synthesized product
are soluble in the deep eutectic solvent, we can speak about the
homogeneous process, when the reaction product is exposed to
an aggressive environment throughout the process time, which
leads to the rupture of glycosidic bonds. This is indirectly
evidenced by the lower (9.2 wt %.) sulfur content. Probably,
the low-molecular weight product with the high content of
sulfate groups is removed during dialysis (Table 3).

2.7. Degree of Polymerization. In ref 35, the DS at the
amino group in DEAE-cellulose molecules was found to be up
to 0.95; therefore, the molecular weight of a polymer unit is
about 251 g/mol. Taking into account the addition of sulfate

Figure 2. FTIR spectra of (1) initial DEAE-cellulose, (2) SDEAE1, and (3) SDEAE2.

Figure 3. XRD data for (1) initial DEAE-cellulose, (2) SDEAE1, and
(3) SDEAE2.
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groups to free hydroxyls and a sulfur content of about 10 wt %,
the molecular weight of the sulfated DEAE-cellulose unit is
342 g/mol, which was shown by elemental analysis. The
obtained degree of polymerization (DP) data are given in
Table 4.
According to the data given in Table 4, the highest DP value

(84) corresponds to sample SDEAE1 synthesized in 1,4-
dioxane. The DP value of sample SDEAE2 is 58, i.e., lower by a
factor of 1.4. The lower DP of sample SDEAE2 can be related
to depolymerization and partial hydrolysis of DEAE-cellulose
during sulfation in the SAA/U deep eutectic solvent.
Thus, the obtained data are in good agreement with the data

of gel permeation chromatography, which show that the Mw
value for sample SDEAE1 is higher than that for sample
SDEAE2 by a factor of 1.4, as well as with the XRD and SEM
data.
2.8. Calculated Characteristics of DEAE-Cellulose and

Its Sulfated Derivatives. 2.8.1. Molecular Electrostatic
Potential Analysis of DEAE-Cellulose and Its Sulfated
Derivatives. The molecular electrostatic potential (MEP)
maps were built to evaluate the modes of nucleophilic and
electrophilic attacks and interactions of hydrogen compounds
in DEAE-cellulose and its sulfated derivatives (Figure 7).36

Different colors in the MEP map surface correspond to
different values of the electrostatic potential. The decreasing

potential is shown as blue > green > yellow > orange > red.
The negative MEP values shown in red correspond to the
electrophilic attack region and mostly on oxygen atoms in the
sulfate groups. The nucleophilic attack region (positive) is
shown in blue and mostly on sodium atoms and hydrogen
atoms attached to oxygen atoms.36 The high electronegativity
of the sulfate groups leads to the highest reactivity in the
sulfated-DEAE-cellulose derivatives.
It can be seen in Figure 7 that the electron density of oxygen

atoms is higher (shown in reddish yellow in the map) than the
electron density of hydrogen atoms attached to oxygen atoms
(shown in blue in the map). When more sulfate groups are
added to the DEAE-cellulose molecule, the MEP maps change.
When the hydrogen atoms attached to oxygen are replaced by
the sulfate groups, the blue color in the map gradually
brightens according to a decrease in the amount of acidic
hydrogens in the DEAE-cellulose molecule; however, the blue
color in the map gradually brightens, which is also according to
an increase in the number of sodium atoms. In the sulfated
DEAE-cellulose derivatives, the blue color covers sodium
atoms.

2.8.2. Calculated Electronic and Thermodynamic Proper-
ties of DEAE-Cellulose and Its Sulfated Derivatives.
According to the data given in Table 5, the introduction of a
sulfate group into the DEAE-cellulose molecule decreases the

Figure 4. SEM images of (1) initial DEAE-cellulose, (2) SDEAE1, and (3) SDEAE2.
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E (RB3LYP) value by 786 (au); the introduction of more
sulfate groups leads to a decrease in the E (RB3LYP) value by

786 (au) for each sulfate group on average, i.e., down to
4581.0740 (au).
The thermal energy increases almost linearly from 364.154

to 388.627 kcal/mol as the number of sulfate groups in DEAE-
cellulose sulfate increases, and the introduction of one sulfate
group leads to an increase in the thermal energy by 6 kcal/mol
on average.
With an increase in the content of sulfate groups in the

DEAE-cellulose sulfates, the enthalpy for each sulfate group
increases by 6 kcal/mol on average. Thus, the initial DEAE-
cellulose has an enthalpy of 364.746 kcal/mol and the sulfated
DEAE-cellulose with four sulfate groups has an enthalpy of
389.2199 kcal/mol.
It can be seen in Table 5 that the entropy increases with the

number of sulfate groups in the DEAE-cellulose molecule. The
initial DEAE-cellulose has an entropy of 200.780 cal/mol K,
and the DEAE-cellulose sulfate has an entropy of 301.696 cal/
mol K.
The heat capacity also increases with the number of sulfate

groups in the DEAE-cellulose molecule. In addition, Table 5
shows the most important dipole moment values observed for
DEAE-cellulose-Sul4 (25.9006 D).
Thus, the introduction of a sulfate group into the DEAE-

cellulose molecule leads to a regular increase in the E
(thermal) value, dipole moment, enthalpy, entropy, and heat
capacity and a decrease in the E (RB3LYP) value.

2.8.3. HOMO−LUMO Analysis of DEAE-Cellulose and Its
Sulfated Derivatives. The frontier molecular orbital (FMO)
theory helps understand the chemical stability and reactivity of
a molecule.37 It analyzes the electronic transition between the
HOMO and LUMO frontier molecular orbitals.38 Generally,
the HOMO (as an electron donor) is the highest occupied
molecular orbital and the LUMO (as an electron acceptor) is
the lowest unoccupied molecular orbital.36 The HOMO−
LUMO energy difference is known as the energy band gap.
The HOMO and LUMO 3D data on DEAE-cellulose and its
sulfated derivatives are shown in Figure 8. Using the HOMO−
LUMO energy gap, the electronegativity (χ), electron affinity
(EA), chemical potential (μ), ionization potential (IP),
hardness (η), softness (ς), electrophilicity index (ω), and
maximum charge-transfer index (ΔNmax) were calculated
(Table 6). These chemical parameters are defined by
Koopmans’ theorem,39 which were calculated in the B3LYP/
6-31G(d, p) basis set. The chemical softness (ς) is reciprocal
to the chemical hardness (η) and determines the ability of an
atom or a group of atoms to accept electrons; in addition, the
chemical hardness (η) describes the resistance of an electron to

Figure 5. AFM data for (1) SDEAE1 and (2) SDEAE2 (A is the
phase contrast, B is the relief, C is the 3D relief, and D is the particle
size distribution).

Figure 6. MWDs for (1) SDEAE1 and (2) SDEAE2.

Table 3. Molecular Weight Characteristics of the Sulfated
DEAE-Cellulose Samples: Weight-Average Molecular
Weight Mw, Number-Average Molecular Mass Mn, and
Polydispersity PD (Mw/Mn)

sample Mp (g/mol) Mn (g/mol) Mw (g/mol) PD

SDEAE1 34 903 23 645 27 885 1.18
SDEAE2 22 917 14 196 19 861 1.40

Table 4. Effect of the DEAE-Cellulose Sulfation Conditions
on the DP of the Obtained Products

sample DP

SDEAE1 81
SDEAE2 58
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charge transfer.40 The electronegativity (χ) is a measure of
attraction of an atom or a group of atoms to electrons.40

The energy gap (ΔE), electronegativity (χ), electron affinity
(EA), chemical potential (μ), ionization potential (IP),
hardness (η), softness (ς), electrophilicity index (ω), and
maximum charge-transfer index (ΔNmax) of DEAE-cellulose
and its sulfated derivatives were determined using the HOMO
and LUMO energies, and these descriptors can be calculated
using the following equations:

= −EIP HOMO (1)

= −EEA LUMO (2)

χ = − +E E
1
2

( )LUMO HOMO (3)

μ = +E E
1
2

( )LUMO HOMO (4)

η = −E E
1
2

( )LUMO HOMO (5)

ζ
η

= 1
(6)

ω μ
η

=
2

2

(7)

μ
η

Δ = −Nmax
(8)

At a small energy band gap between the HOMO and
LUMO, the molecule can be associated with the high chemical
reactivity and polarizability, as well as the low kinetic
stability.41 In addition, the calculated values of the energy
gap (ΔE) and the total energy (E (RB3LYP)) with and

Figure 7. MEP maps of DEAE-cellulose and its sulfates with different contents of the sulfate groups (1−4).

Table 5. Calculated Electronic and Thermal Energies, Dipole Moment (μ), Entropy, Enthalpy, and Heat Capacity of DEAE-
Cellulose and Its Sulfates (1−4) at 298.15 K and 1 atm

DEAE-cellulose DEAE-cellulose-Sul1 DEAE-cellulose-Sul2 DEAE-cellulose-Sul3 DEAE-cellulose-Sul4

E (RB3LYP) (au) −1438.7118 −2224.3197 −3009.8979 −3795.4918 −4581.0740
μ (D) 2.6675 11.3010 16.6194 11.0917 25.9006
E (thermal) (kcal/mol) 364.154 370.362 376.74 382.618 388.627
enthalpy (kcal/mol) 364.746 370.955 377.3393 383.2115 389.2199
entropy (cal/mol K) 200.780 221.631 247.252 277.407 301.696
heat capacity (cal/mol K) 116.228 133.365 149.837 168.483 187.011

Figure 8. FMO for DEAE-cellulose and its sulfates with different
contents of sulfate groups (1−4): (A) DEAE-cellulose, (B) DEAE-
cellulose-Sul1, (C) DEAE-cellulose-Sul2, (D) DEAE-cellulose-Sul3,
and (E) DEAE-cellulose-Sul4.
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without dispersion of DEAE-cellulose and its sulfates (1−4)
are listed in Table S1. The analysis of this table shows that the
dispersion has a remarkable effect on the overall energy but has
a very minor effect on the gap energy. We note that the
dispersion improves the values of the total energy of the
molecules studied. Dispersion effect increases the values of the
energies E (RB3LYP) with a value between 0.01 and 0.3 au.
For the calculated energy gap, the results reveal that dispersion
has no effect, namely, on the DEAE-cellulose and its sulfates
(1−4), the values are almost similar.
Thus, the narrowest energy band gap ΔE (2.3508 eV) is

observed for the DEAE-cellulose sulfate with four sulfate
groups (Table 6). The negative chemical potential values in all
of the compounds indicate that all molecules are stable. With
an increase in the number of sulfate groups in the DEAE-
cellulose molecule, the electronegativity increases to 3.8067
eV. In addition, as the energy band gap between the HOMO
and LUMO narrows, the chemical hardness of the molecule
decreases, the chemical softness increases, and the activity of
the molecule grows. In view of the aforesaid and according to
the data given in Table 6, we can state that DEAE-cellulose-
Sul4 is the most active molecule.
As the electrophilicity and maximum charge-transfer indices

increase, the molecule acts more like an electrophile.
According to the data given in Table 6, we can state that, as

the number of sulfate groups in the DEAE-cellulose molecule
increases, the electrophilic ability of the molecule gradually
increases. At the same time, as the number of sulfate groups in
the DEAE-cellulose molecule increases, an increase in the
softness (ς) to 0.8508 eV, electron affinity (A) to 2.6313 eV,
electronegativity (χ) to 3.8067 eV, and electrophilicity index
(ω) to 6.1644 eV is observed.
It should be noted that an increase in the number of sulfate

groups in the DEAE-cellulose molecule leads to an uneven
change in the calculated characteristics. In particular, the
softness (ς) increases by 0.0898 eV with an increase in the
number of sulfate groups from one to two, whereas with an
increase in the number of sulfate groups from three to four, it
increases by 0.3176 eV.
2.8.4. Mulliken Atomic Charges of DEAE-Cellulose and Its

Sulfated Derivatives. Different atomic charges (Mulliken
atomic charges, natural population (NPA) charges, and
charges of electrostatic potentials using a method based on
the grid (CHELPG)) were used to analyze the charges
between ground and excited states of molecules. These tools
are very important parameters to describe the electron
distribution and the chemical reactivity and to explore the
electrostatic potential (electrophilic/nucleophilic) of the

compounds. In addition, these methods predict the same
trends, but the difference between these methods is that the
Mulliken charge method is a good way to account for the
differences in electronegativity of the atoms within the
molecule.42 Here, we are interested in the analysis of the
Mulliken population methods. The Mulliken atomic charges of
DEAE-cellulose and its sulfated derivatives were calculated
using B3LYP/6-31G (d, p). The atomic charges of DEAE-
cellulose and its sulfated derivatives (according to the analysis
of the Mulliken population) are listed in Table S2. The
Mulliken atomic charges are related to the vibrational
properties of a molecule and affect the atomic charge effect,
molecular polarizability, different aspects of the electronic
structure, and many properties of molecular systems.43

The introduction of an additional sulfate group into the
DEAE-cellulose structure leads to a change in the Mulliken
atomic charges for most atoms (Table S2). For example, when
a sulfate group is introduced into the initial DEAE-cellulose
molecule, the values of the C4 atom increase from 0.4077e to
0.4261e. With a further increase in the number of sulfate
groups to three, the value of Mulliken atomic charges for a
specified atom decreases to 0.3999e. For nitrogen, the value of
Mulliken atomic charges naturally increases from −0.4105e to
−0.3969e with an increase in the number of sulfate groups.

2.8.5. Theoretical FTIR Analysis of DEAE-Cellulose and Its
Sulfated Derivatives. The FTIR technique has been
intensively adapted to determine the vibrational properties of
the studied compound. The FTIR spectra contain absorption
bands with variable relative intensities. For DEAE-cellulose and
its sulfated derivatives, the theoretical FTIR spectra were
calculated using the DFT method with the 6-31G (d, p) basis
set (Figure 10).

2.8.5.1. C−H Vibration. In the theoretical FTIR spectra of
DEAE-cellulose and its sulfated derivatives, the C−H
stretching vibrations are observed in the range of 3017−
2868 cm−1 (Figures 9 and 10). The theoretically scaled
wavenumbers in the range of 2995−2868 cm−1 refer to the C−
H stretching vibrations in the DEAE-cellulose ring. The C−H
stretching vibrations in the ring of the DEAE-cellulose sulfated
derivatives theoretically scaled the wavenumbers in the range
of 3017−2918 cm−1.

2.8.5.2. O−H Vibration. The stretching vibrations of the
OH groups are observed in samples DEAE-cellulose, DEAE-
cellulose-Sul1, DEAE-cellulose-Sul2, DEAE-cellulose-Sul3, and
DEAE-cellulose-Sul4 in the ranges of 3676−3616, 3689−3537,
3676−3345, 3657−3324, and 3643 cm−1, respectively. It can
be seen in Figure 4 that the stretching vibrations of OH groups
in DEAE-cellulose-Sul1, DEAE-cellulose-Sul2, DEAE-cellu-

Table 6. Some Electronic Properties of DEAE-Cellulose and Its Sulfates (1−4)

parameters (eV) DEAE-cellulose DEAE-cellulose-Sul1 DEAE-cellulose-Sul2 DEAE-cellulose-Sul3 DEAE-cellulose-Sul4

EHOMO −5.2640 −5.4709 −5.5647 −5.5707 −4.9821
ELUMO 1.2656 −0.6982 −1.6346 −1.8199 −2.6313
energy band gap (ΔE) 6.5296 4.7726 3.9301 3.7508 2.3508
chemical potential (μ) −1.9992 −3.0845 −3.5997 −3.6953 −3.8067
softness (ς) 0.3063 0.4191 0.5089 0.5332 0.8508
ionization energy (I) 5.2640 5.4709 5.5647 5.5707 4.9821
electron affinity (A) −1.2656 0.6982 1.6346 1.8199 2.6313
electronegativity (χ) 1.9992 3.0845 3.5997 3.6953 3.8067
chemical hardness (η) 3.2648 2.3863 1.9651 1.8754 1.1754
electrophilicity index (ω) 0.6121 1.9936 3.2970 3.6406 6.1644
maximum charge-transfer index (ΔNmax) 0.6124 1.2926 1.8318 1.9704 3.2387
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lose-Sul3, and DEAE-cellulose-Sul4 gradually shifted to the
right with an increase in the number of sulfate groups and this
region almost disappears according to the maximum displace-
ment of the hydroxyl groups by the sulfate.

2.8.5.3. O−S Vibration. The theoretical calculation showed
that the maximum intensity of the sulfate group vibrations is
observed, in particular, in the range of 1280−1065 cm−1.
It can be seen in Figure 10 that the O−S stretching

vibrations in DEAE-cellulose-Sul1, DEAE-cellulose-Sul2,
DEAE-cellulose-Sul3, and DEAE-cellulose-Sul4 are observed
at 1252 and 1087 cm−1; 1271, 1264, 1067, and 1065 cm−1;
1257, 1253, 1242, 1150, 1145, and 1088 cm−1; and 1234,
1216, 1175, 1167, 1163, 1133, 1123, and 1115 cm−1,
respectively.
For all the DEAE-cellulose sulfate samples with different

numbers of sulfate groups, the FTIR spectra contain the
absorption bands corresponding to the vibrations of sulfate
groups in the ranges of 1142−1063, 1046−969, 740−714, and
571−485 cm−1.29,44

2.8.5.4. C−C Vibration. The C−C vibrations in the aliphatic
compounds are observed in the range of 1400−1650 cm−1.45

In the initial DEAE-cellulose, the C−C vibration occurs at
wavenumbers of 1396−1352 cm−1. In the DEAE-cellulose
sulfate with different numbers of sulfate groups, the wave-
numbers are 1402 cm−1 and 1341 cm−1.

2.8.6. QTAIM Topological Analysis. To better understand
the electronic structure of the systems, the quantum theory of
atoms in molecule (QTAIM) method was used. This method,

Figure 9. FTIR spectrum of DEAE-cellulose.

Figure 10. FTIR spectrum of the DEAE-cellulose sulfates with different numbers (1−4) of sulfate groups.
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developed by Bader et al.,46 allows one to make a topological
description of a molecule. Later on, the AIM approach was
applied to characterization of the bond interactions of a
molecular complex and also allows the determination of critical
points.47 We can describe the liaison nature by the electron
density ρ(r), electron density Laplacian ∇2ρ(r), kinetic energy
density G(r), potential energy density V(r), interaction energy
Einteractions, and the ratio |V|/G. In addition, the report |V(r)|/
G(r) makes it possible to characterize the nature of
interactions: for covalent bonds, the ratio |V(r)|/G(r) is
greater than 2; for mixed character interactions, it is between 1
and 2; and for ionic bonds, the van der Waals interactions have
a value of less than 1.48 The topology analysis was carried out
using the Multiwfn software;48 the molecular surface maps for
different DEAE-cellulose and its sulfate groups (1−4) are
shown in Figure 11. In addition, we computed the topological

parameters at the BCP of the cation around the atoms; the
results are gathered in Table S3. The ratio |V(r)|/G < 1, H(r) >
0 and ∇2ρ(r) > 0, is indicative of the closed-shell interactions
typical of the ionic bonds and van der Waals interactions. Also,
note that, according to the data reported in ref 49, all hydrogen
bonds between DEAE-cellulose and its sulfated derivatives are
considered to be weak since the Laplacian and the energy
density values are positive.

3. CONCLUSIONS
The cellulose sulfated derivatives have different types of
biological activities, including anticoagulant activity. Currently,
cellulose acetate sulfate is the only known substance with the
anticoagulant activity and electrolytic effects. In this study, we
obtained a new mixed etherdiethylaminoethyl-cellulose
sulfateby two methods, specifically, sulfation of DEAE-
cellulose with sulfamic acid in organic solvents and in the
SAA/U deep eutectic solvent. It was shown that, in the first
case, the target product with a higher sulfur content is
obtained. In addition, we showed that 1,4-dioxane is the best

solvent for sulfation of DEAE-cellulose with sulfamic acid. It
was demonstrated that the method for synthesizing the DEAE-
cellulose sulfates affects their structure, morphology, DP, and
MWD. In addition, the quantum-chemical calculations were
carried out; it was shown how the degree of sulfation affects
the thermodynamic and topological characteristics of the target
product. We believe that the new DEAE-cellulose sulfate
compounds obtained by us can exhibit the biological activity
and electrolytic effects due to the presence of both the sulfate
and alkyl-amine groups.

4. EXPERIMENTAL SECTION
All chemicals were purchased from commercial suppliers.
Reakhim DEAE-cellulose (Biokhimreaktiv, Russia) and
sulfamic acid, urea, 1,4-dioxane, pyridine, diglyme, morpholine,
and piperidine (Khimreaktivsnab, Russia) were used.

4.1. Sulfation of DEAE-Cellulose in Organic Solvents.
DEAE-cellulose was sulfated with sulfamic acid in organic
solvents (1,4-dioxane, pyridine, diglyme, morpholine, and
piperidine) in the presence of urea. To do this, 50 mL of
dioxane, 6.2 g of sulfamic acid, and 3.8 g of urea were placed in
a three-necked flask equipped with a thermometer, a
mechanical stirrer, and a thermostat, the resulting mixture
was heated under vigorous stirring to 50 °C, and 1.5 g of air-
dry DEAE-cellulose was added. Then, the temperature of the
reaction mixture was raised to a constant value (see the
sulfation conditions in Table 1) and stirred for 0.5−4 h. At the
end of sulfation, the solvent was decanted, the resulting viscous
residue was dissolved in 25 mL of water, and the excess
sulfamic acid was neutralized with the 25% aqueous ammonia
solution until it became neutral and poured into 100 mL of
ethanol.

4.2. Sulfation of DEAE-Cellulose in a Deep Eutectic
Solvent. DEAE-cellulose was sulfated using a modified
procedure24,29 in a three-necked flask in a deep eutectic
solvent, which was the SAA/U mixture. For this purpose,
sulfamic acid (12.4 g) was mixed with urea (7.6 g) and heated
to 90 °C. DEAE-cellulose (1.5 g) was added to the obtained
liquid deep eutectic solvent. The reaction occurred for 3 h.
When the process was completed, the resulting mixture was
dissolved in the 10% aqueous solution of ammonia (25 mL)
and poured into 100 mL of ethanol.

4.3. Purification of the DEAE-Cellulose Sulfate. The
viscous product obtained as described in sections 4.1 and 4.2
was separated and washed three times with 10 mL portions of
ethanol until the formation of a solid precipitate. The
precipitate representing the sulfated DEAE-cellulose derivative
in the form of an ammonium salt was filtered off, washed on a
filter with 10 mL of ethanol, and dried in air.
The sulfated DEAE-cellulose ammonium salt was purified by

dialysis on cellophane against distilled water. The product was
dialyzed for 10 h; water was changed in 1−2 h.
Hereinafter, we use the designations SDEAE1 for the

sulfated DEAE-cellulose obtained with sulfamic acid in 1,4-
dioxane and SDEAE2 for the sulfated DEAE-cellulose
obtained in the SAA/U deep eutectic solvent.

4.4. Elemental Analysis. The elemental analysis of the
sulfated DEAE-cellulose was performed on a FlashEA-1112
elemental analyzer (ThermoQuest, Italia).

4.5. Fourier Transform Infrared Spectroscopy. The
FTIR spectra of the initial and sulfated DEAE-cellulose were
recorded using a Shimadzu IR Tracer-100 spectrometer
(Japan) within the wavelength range of 400−4000 cm−1.

Figure 11. AIM molecular graph of DEAE-cellulose sulfate derivatives
at B3LYP/6-31 G(d,p).
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The spectral data were analyzed using the OPUS program
(version 5.0). Solid samples for the analysis were prepared in
the form of pills in a KBr matrix (2 mg sample/1000 mg KBr).
4.6. X-ray Diffraction. XRD analysis was carried out on a

DRON-3 X-ray diffractometer (CuKα monochromatic radia-
tion, λ = 0.154 nm) at a voltage of 30 kV and a current of 25
mA. The scanning step was 0.02°, and the intervals were 1 s
per data point. The measurements were performed in the
Bragg angle (2Θ) range from 5.00 to 70.00 Θ.
4.7. Scanning Electron Microscopy. SEM images were

obtained on a Hitachi TM-1000 scanning electron microscope
(Japan) at an accelerating voltage of 15 kV and a magnification
from 100 to 10 000× with a resolution of 30 nm. The SEM
images were treated using the ImageJ software (version
1.8.0_112).
4.8. Atomic Force Microscopy. AFM specimens of the

sulfated DEAE-cellulose films were prepared as follows: the
sulfated DEAE-cellulose (2 g) was dissolved in distilled water
(30 mL) at room temperature. The resulting sulfated DEAE-
cellulose solution was poured into a Petri dish and dried in an
oven at a temperature of 45 °C to a constant weight. The
obtained sulfated DEAE-cellulose films were separated from
the Petri dish with tweezers and subjected to AFM analysis.
The AFM study of the sulfated DEAE-cellulose films was
carried out in a semicontact mode using a Solver P47
multimode scanning probe microscope (NT-MDT, Moscow)
equipped with a 14 μm scanner and an adjustment stage
(model SKM). In the semicontact AFM experiments,
rectangular silicon cantilevers (NSG30, NT-MDT, Moscow)
with an average resonance frequency of 320 kHz and a force
constant of 40 N/m were used. The tip curvature radius was 10
nm.
4.9. Degree of Polymerization. The DP of the cellulose

products was determined by measuring the specific viscosity of
their solutions in a copper−ammonia complex using a capillary
viscometer (VPZh-3, capillary diameter 0.56).28,28,50

4.10. Gel Permeation Chromatography (GPC). The
weight-average molecular weight (Mw), number-average
molecular weight (Mn), and polydispersity of the liquid
product samples were determined by gel permeation
chromatography using an Agilent 1260 Infinity II Multi-
Detector GPC/SEC System with triple detection: refractom-
eter, viscometer, and light scattering. The separation was
performed on 2× Aquagel-OH mixed M and Aquagel OH-30
columns using a 0.1 M aqueous solution of LiNO3 as a mobile
phase. The column was calibrated using polydisperse PEG/
PEO standards (Agilent, USA). The eluent flow rate was 1
mL/min, and the injected sample volume was 100 μL. Before
the analysis, the samples were dissolved in the mobile phase (5
mg/mL) and filtered through a 0.45 μm PTFE membrane filter
(Millipore). The data collection and processing were
performed using the Agilent GPC/SEC MDS software.
4.11. Computational Details. Structural optimization is a

necessary stage in obtaining the most stable structure of the
compounds. In this study, all of the computations were
performed in the Gaussian 09 program package51 using the
Gauss View 5.0.9 molecular imaging program52 for the vapor
phase. The B3LYP/6-31 G(d, p) DFT calculation was
performed for DEAE-cellulose and a series of sulfates with
one, two, three, and four sulfate groups, hereinafter referred to
as DEAE-cellulose-Sul1, DEAE-cellulose-Sul2, DEAE-cellu-
lose-Sul3, and DEAE-cellulose-Sul4, respectively.

To investigate the electrophilic and nucleophilic attacks and
interactions of hydrogen bonds in the title molecule and its
sulfate derivatives, MEP surface analysis was carried out. In
addition, the electronic and thermodynamic properties were
calculated. The FMO analysis was used to calculate the energy
band gap and certain chemical parameters to predict the
molecular reactivity of the investigated compounds. The
theoretical FTIR spectra were calculated to determine the
vibrational wavenumbers. The atoms in molecules (AIM)
analysis was carried out using the Multiwfn software53 to
determine the topological properties at the bond critical points
(BCPs).
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